This paper solves unsteady Reynolds-averaged Navier-Stokes (URANS) equations to simulate stall inception of NASA compressor stage 35 with rotor-stator interaction. A full annulus of the rotor-stator stage is simulated with an interpolation sliding boundary condition (BC) to resolve the rotor-stator interaction. The tip clearance is fully gridded to accurately resolve tip vortices and its effect on stall inception. The unsteady simulation indicates that the inception of rotating stall in Stage 35 is spike inception. The stall cells grow quickly and brings the rotor to full stall within roughly 1.2 revolutions. The stall cell propagates at about 90% of rotor speed in the counter rotor rotation direction in relative the frame.
Introduction
Rotating stall usually starts from tip span. The roles of tip clearance vortex, passage shock and their interactions on stall inception are important to understand. Tip clearance vortex breakdown is considered as one of the causes for stall inception of some rotors [1] . For high-speed compressors, the pattern of flow breakdown during the stall or surge is not well understood due to the effects of compressibility, difficulties in detailed measurement, shaft speed, and geometry. Hah et al. [2] numerically studied stall inception in a forward-swept transonic compressor rotor. There is no tip clearance vortex breakdown during the operation of rotor, even in the stall condition. The passage shock oscillation is considered as one of the courses that drive the stall inception. Recently, Reuss et al. [3] tested a jet engine high pressure compressor to investigate the effect of inlet total pressure distortions on rotating stall. Their experiment shows that the spike type stall cell moves at approximately 60% of the compressor speed. After two to three more revolutions, rotating stall is established. The speed of the rotating stall cell is reduced to about 45% of the compressor speed and its length scale is roughly 50% of the annulus.
The stall inception of NASA stage 35 is done numerically by several research groups. Mina et al. [4] carried out numerical simulation of rotating stall inception for NASA stage 35 using a single passage. It is observed that at near stall, the tip vortex grows larger in size and its trajectory becomes perpendicular to the main axial flow. A low-momentum area near rotor tip leading edge causes the flow spillage and leads to stall inception. Davis and Yao [5] also used NASA stage 35 single blade passage to investigate stall inception. Their finding agrees with Hoying et al. [6] who shows that the circulation of tip clearance vortex plays an important role in stall inception development. Vo [7] conducted rotating stall simulation for a low speed rotor with relative tip Mach number of 0.2 and the transonic NASA stage 35 rotor using six blade passages. Their results show that leading edge tip clearance flow has spillage below blade tip and back flow at the trailing-edge at the onset of spike. Chen et al. [8, 9] conducted a full annulus simulation of NASA Stage 35 at the full speed using an unsteady RANS(URANS) model. In their simulation, a simplified "roof top" type tip clearance mesh is used to model the tip clearance flow. Their results show that a disturbance first travels at the rotor speed, then changes to a spike disturbance of 84% rotor speed consisting of multiple stall cells. The disturbance eventually forms a single rotating stall cell of 43% rotor speed [8] . Most of the aforementioned Stage 35 stall inception simulation employs the "roof top" tip griding.
The purpose of this paper is to investigate the stall inception of Stage 35 with full griding of the tip clearance to accurately simulate the stall inception. The stall inception of Stage 35 captured in this study does not appear to be the modal inception as obtained by Chen et al [8, 9] , but a spike inception. It is not clear at this time whether the difference is from the tip clearance treatment or other numerical modeling such as turbulence model etc.
Numerical Methods
The unsteady Reynolds-averaged Navier-Stokes (URANS) equations are solved in a rotating frame [10] with the Spalart-Allmaras (SA) turbulence model [11] . A shock capturing scheme is necessary to simulate high-speed axial compressors since most rotor blades experience shock/boundary layer interaction. In this study the Low Diffusion E-CUSP (LDE) Scheme [12] as an accurate shock capturing Riemann solver is used with a 3rd order WENO reconstruction for inviscid flux and a 2nd order central differencing for viscous terms [13] . An implicit 2nd order dual time stepping method [14] using unfactored Gauss-Seidel line iteration is utilized to achieve high convergence rate. The high-scalability parallel computing is implemented to save wall clock time [15] .
Governing Equations
The equation of motion of fluid flow for turbomachinery in a rotating frame of reference as shown in Fig. 1 can be derived in order to take into account the Coriolis force (2Ω×V) and the centrifugal force(Ω×Ω×r). Applying coordinate transformation to the generalized coordinate system(ξ, η, ζ), the dimensionless Reynolds averaged 3D Navier-Stokes equations coupled with the SA model can be expressed as the following conservative form: 
where Re is the Reynolds number. The equations are nondimenisonalized based on airfoil chord L ∞ , freestream density ρ ∞ , velocity U ∞ , and viscosity µ ∞ . The conservative variable vector Q, the inviscid flux vector E, the viscous flux vector E v and the source term vector S are expressed as follows and the rest can be expressed following the symmetric rule.
where R o is the Rossby number defined as ΩL∞ U∞ . ρ is the density, p is the static pressure, and e is the total energy per unit mass. The overbar denotes Reynolds averaged variable, and the tilde is used to denote the Favre averaged variable. ν is kinematic viscosity andν is the working variable related to eddy viscosity in SA model. U , V and W are the contravariant velocities in ξ, η, ζ directions. For example, U is defined as follows.
When the grid is stationary, l t = 0. In the current discretization, ∆ξ = ∆η = ∆ζ = 1. Let the subscripts i, j, k represent the coordinates x, y, z and use the Einstein summation convention. By introducing the concept of eddy viscosity to close the system of equations, the shear stressτ ik and total heat fluxq k in Cartesian coordinates can be expressed in tensor form as
Above Eq. (9) and (10) are transformed to the generalized coordinate system in computation. The molecular viscosity µ is determined by Sutherland's law, and µ t is determined by the SA model [16] .
where
The rest of auxiliary relations and the values of the coefficients given by reference [16] are used. The equation of state as a constitutive equation relating density to pressure and temperature is given as follows;
where r(= y 2 + z 2 ) is the normalized radius from the rotating axis, x. For simplicity, all the bar and tilde in above equations will be dropped in the rest of this paper.
Implicit Time Integration
The time dependent governing equation (1) is solved using dual time stepping method suggested by Jameson [17] . A pseudo temporal term ∂Q ∂τ is added to the governing Eq. (1). This term vanishes at the end of each physical time step and has no influence on the accuracy of the solution. An implicit pseudo time marching scheme using Gauss-Seidel line relaxation is employed to achieve high convergence rate instead of using an explicit scheme [14] . The pseudo temporal term is discretized with first order Euler scheme. Let m stand for the iteration index within a physical time step, the semi-discretized governing equation can be expressed as
where ∆τ is the pseudo time step, n is the physical time step index, and R is the net flux of the discretized Navier-Stokes equations evaluated at a grid point.
Interpolation Rotor/Stator Sliding BC
For unsteady rotor-stator interaction simulation, the rotor mesh will rotate with the rotor blades and the stator mesh will be stationary. Solving the Navier-Stokes equations requires transferring the fluxes between these two meshes. In [18] , a conservative sliding BC is developed by making the meshes on both side of the sliding boundary one-to-one connected. Even though the conservative BC is mathematically more rigorous, it is not convenient to make a multi-block mesh one-to-one connected. For engineering applications, independent mesh for rotor and stator is desirable for efficient setup of a simulation. This paper thus adopts an interpolation sliding BC with high accuracy to remove the requirement that the rotor and stator mesh needs to be one-to-one connected.
The working mechanism of present interpolation rotor/stator sliding BC is sketched in Fig. 2 , where S1, S2, S3, S4 and R1, R2, R3 are the arbitrary computational mesh cells of the stator and rotor in the circumferential direction on the two sides of the sliding interface. The current interpolation sliding boundary condition is based on the same radial distribution of the mesh on both side of the sliding boundary. To interpolate the conservative variable vector Q, the circumferential mesh angle is first obtained at each mesh cell center, e.g. the angle of a stator cell s1, θ s1 can be defined as tan −1 (z/y) s1 . Then, two adjacent mesh angles in the opposite interface corresponding to current mesh cell are found for linear interpolation, e.g. Q at R3 is interpolated in terms of (θ R3 − θ S2 ) and (θ S3 − θ S2 ) as given in Eq. (14) . Note that a rotation rule based on the geometric periodicity is used to interpolate Q in the non-overlap region, e.g. Q S1 is rotated by the periodic sector angle (ϕ) to interpolate Q R1 vice versa for Q R1 .
Since the frame of reference taken in this study is a fixed frame for the stationary blades and a moving relative frame for the rotor, the following exchange relations between the fixed and moving relative frame are used.
Other Boundary Conditions
At the inlet, the radial distributions of total pressure, total temperature, swirl angle and pitch angle are specified and the velocity is extrapolated from the computational domain in order to determine the rest of the variables. On the blade surface a non-slip boundary condition is applied, while an efficient wall function BC [10] is used on the hub/casing surface where y + is greater than 11 to avoid an excessive fine mesh in the endwall boundary layer. At the stator outlet, the static pressure is specified in the spanwise direction. The velocity components are extrapolated from the computational domain and an isentropic relation is used to determine density. The hub/casing wall static pressure for the inviscid momentum equation is determined by solving the radial equilibrium equation, whereas the static pressure gradient across the wall boundary is set to zero for the blade wall surface. An adiabatic condition is used to impose zero heat flux through the wall.
Results and discussion
The transonic axial compressor, NASA stage 35 that consists of 36 rotor blades and 46 stator blades [19] , is simulated to investigate the stall inception mechanism using the interpolation rotor/stator sliding BC. The total pressure ratio of NASA stage 35 at design speed of 17189 rpm is 1.82. Full annulus of stage 35 with geometry periodic sector simulated and the mesh is shown in Fig.3 . An O-mesh topology around blades and H-mesh for stage inlet/outlet duct region are used. The rotor tip clearance is modeled using a fully grided O-mesh. In the tip gap, 11 grid points are placed radially. Total mesh points of the full annulus are about 16 million with 482 blocks. The physical time step size is determined to allow about 40 unsteady steps per rotor blade passing. 4 shows the predicted speedline for NASA Stage 35 using steady state single blade passage with mixing plane boundary condition on the rotor and stator interface. A refined mesh of total 550,750 grid points and a coarse mesh (main mesh) of 449,790 grid points per blade passage are used for the mesh refinement study using the mixing plane [18] . The speedline predicted by the two meshes shows good agreement. Therefore, the coarse mesh is used to construct the full annulus mesh in Fig.3 . The simulation is conducted at 4004 test condition [19] since the measured radial profiles for CFD comparison are available. The mass flows at choke condition predicted by both unsteady rotor/stator interaction and steady mixing plane are about 20.82 kg/s, which is about 0.62% lower than the measured choke flow of 20.95 kg/s [19] .
The circumferential mass averaged total pressure ratio, total temperature ratio, adiabatic efficiency and absolute flow angle at stage outlet are compared with the measurement at 4004 point [19] in Fig.5 . Overall good agreement with the experiment is achieved by both approaches; the mixing plane and the interpolation rotor/stator sliding BC. Fig.6 shows instantaneous entropy at mid span of the compressor. The wake propagates well through the rotor/stator interface smoothly. Fig.7 compares the instantaneous normalized mass flux ρU (top) and static pressure P (bottom) right upstream and downstream of the interface, which indicates excellent flux conservation through the rotor/stator interface. Fig.6 and Fig.7 use the half annulus to validate the interpolating sliding BC. The simulation of stall inception in the following section employs full annulus.
Stall Pressure Rise Characteristics
The predicted unsteady stage speedline is illustrated in Fig.8 , which starts from the near stall point P2. It can be seen that pressure drop is after the near stall point is nearly linear. Fig.9 shows the variations of mass flow rate during rotating stall. Although the pressure rise start to drop at P2 as shown in Fig.8 , it can be see that the mass flow drops slowly up to 1.0T (T is the rotating time in one rotor revolution) and decrease rapidly after that. The primary stalling phenomenon at P4 is that rotating stall quickly grows toward inner span with the occurrence of the second stall cell, which will be further discussed in the following sections.
Rotating Stall Onset and Propagation
The static pressure time history can be used to investigate the stall characteristics. Fig.10 shows the circumferential distributions of the normalized static pressure located at 50% tip chord length upstream of rotor at different time. Note that the curves of pressure are moved with an offset of 2 at different time. At t=14.0T(P3), the flow aound the full annulus is periodic and no disturbances are observed. The variation of static pressure through full annuls appear to have sharp shape, which indicates there exit strong shocks near the leading edge of the rotor. At t=14.5T(near P4), the flow is disturbed from part of the annulus, where the annulus region containing the disturbance is from 310 • ∼ 10 • , which shows that the stall cell size at this moment cover about 5 to 6 passages. The non-uniform pressure indicate the onset of the spike type rotating stall. After about 1.1T(P9), the flow around the entire full annulus is disturbed and lose its periodicity. The propagation speed of the stall cell can be roughly calculated from this plot and equal to 90.0% of the rotor speed. At t= 15.75T and t= 16.0T, the variation of pressure become random. Note that the sharp edge shapes of pressure distribution disapper after t=15.5T and are lost due to shock waves move to more upstream.
The circumferential distributions of the upstream axial velocity(U x ) at the rotor tip span are shown in Fig.11 . The time history of U x is similar to that of pressure. At the beginning, the axial velocity periodic variation caused by blade passing and passage shock is dominant, as shown at P3. The spike type disturbance appear at P4 with the disturbed axial velocity. The non-periodicity continues to grow to full annulus until P9.
Rotating stall is usually initiated from rotor tip. To capture the rotating stall, the numerical probes are hence located about 50% tip chord length upstream and downstream at the rotor tip span. The term 'stall cell' used in the current study is to describe a continuous structure of disturbances. Fig.12 shows the variations of instantaneous static pressure and axial velocity at the rotor tip upstream. At about 14.5T, a spike like disturbance travling with full rotor speed is seen. The stall cell speed can be determined by the angle of pressure/velocity field rotation and the duration. The spike disburbance continues to rotate and and transport to more blade passage with about 90% rotor speed. After 1.5T, the stall cells propagate at 50% of the rotor speed in the opposite direction of the rotor rotation. The rotating stall is fully developed within 1.2 rotor revolutions. Chen et al. [8] recently reported the stall inception of NASA Stage 35 with numerical simulation. In their observations, modal disturbance is found before 2 rotor revolutions and then transform into spike disturbance. The variations of axial velocity follow the same behavior as that of pressure, but the propagating speed of the stall cell is more clear. And we can roughly calculate the propagating speed of the stall cell from this plot. Fig.13 illustrates entropy contours in axial cross section near rotor leading edge. Entropy stands for the degree of energy loss, and high entropy reflects the stalled portion of the annulus. At 14.57T(near stall onset), one continuous high entropy regions can be seen. The primary stall cell is identified by about 5 stalled passages. It is shown that the stall cell starts from the rotor tip area, and grows along the circumference as well as inward. Fig.13 also indicates that the upper 70% of blade span is stalled within 1.2T. Fig.14 shows instantaneous negative axial velocity contour at 4 different time near the rotor tip span. The negative axial velocity represents the stalled area. The reverse flow can be seen in all rotor passages due to the tip clearance vortex flow. The pattern of reverse flow is almost the same in every passage at t=14.44T. The distribution of negative axial velocity becomes different at t=14.56T, which indicates the onset of stall. And the upstream regular flow structure near the leading edge of the blades is breakdown by the stall cell at t=14.78T.
The instantaneous variations of static pressure at the mid tip clearance span are shown in Fig.15 . It is seen from this figure that the flow near the leading edge of some blade passages is disturbed due to the interaction of shock wave and tip clearance vortex at t=14.44T, which indicates the stall inception of the compressor. As the rotor rotating, the stall cell propagates in the opposite direction of rotor revolution and grows rapidly. The flow blockage region becomes bigger and bigger and the unsymmetrical pressure distribution around the circumference can be detected. At t=15.0T, the non-uniform flow near the tip span covers most of the rotor passages. Furthermore, it is evident that the rotating stall diffuses very rapidly downstream of rotor and interacts with stator, which creates a significant amount of unsteadiness. Fig.16 shows the relative Mach number contours across the 6 rotor blade passages where the stall inception occurs. At t=14.11T, the detached shock waves are uniform and close to the leading edge of rotor blade. The shock wave and tip vortex interaction phenomena at suction side can be observed. The shock wave fronts are pushed further upstream by the flow blockage and become non-uniform at t=14.56T. After t=15.0T, it can be seen that the shock wave fronts are almost disappear in upstream region of rotor. And low momentum flow covers most of leading edge near the tip span. It is note that the stall cell at the original location grows slowly in the direction of casing to hub as most of shock wave dominated flow structures are uniform since the 75% span, which indicates the propagating speed of stall cell in circuferencial direction is much faster than the speed in inward direction. This can also be seen in Fig.13 .
The vortex cores and surrounded streamlines identified in the rotor passage are illustrated in Fig.17 . At t=14.11T away from the stall inception, the trajectory of the tip vortex is oblique and may interact with pressure side of adjacent blades. At t=14.56T near stall inception, the trajectory of the vortex core is align perpendicularly to the axial direction which indicates the spikes like stall inception as discussed Hoying [6] . However, the tip vortex breakdown phenomena are not clearly seen during the stall onset. The tip vortex breakdown occurrence is used as a criteria for the cause of stall inception by many people [20, 21, 22, 23, 1] . In present study, there is no breakdown to the tip clearance vortex occurred during the onset of the stall. The breakdown of the tip clearance vortex happen after t=14.78T.
Conclusions
The URANS was conducted to investigate rotating stall inception mechanism in a full annulus transonic rotor NASA Stage 35 with sliding interpolation BC. The predicted stage performance have a good agreement with the experiment. The details of the flow breakdown that lead to fully developed rotating stall are well captured by the present numerical methods.
The simulation shows that the rotor stall onset is spike like disturbance with inlet total pressure perturbation. The stall disturbance at the rotor tip span propagation starts at the speed of at 100% of the rotor speed in the opposite direction of rotor rotation. The size of the onset stall cell cover about 5 to 6 rotor blade passage. The stall inception occurs at roughly 14.5T. The stall cell grows to the whole annulus roughly within 1.2 rotor revolutions after the stall inception. The propagation speed of stall cell is about 90% of rotor rotating speed.
The tip clearance vortex breakdown was not observed in present study during the the onset of stall. The interaction between shock wave and tip leakage vortex appears to be the cause of stall. The trajectory of tip clearance vortex is perpendicular to the leading edge when the rotor begins to stall. 
